Structure of the mouthparts and foregut of Panulirus ornatus phyllosomata (stages I-VI hatchery reared, IX-X wild caught) were examined using scanning electron microscopy and histology to gain an understanding of ingestive and digestive processing mechanisms, to identify potential shifts in diet during development, and to suggest appropriate physical characteristics for the development of a suitable formulated diet for commercial aquaculture of this species such as size, texture, and buoyancy. Mouthpart and foregut structure indicates that P. ornatus phyllosomata are capable of ingesting zooplankton of any hardness during this life history stage and are only limited by their ability to capture and manipulate prey as the mandibular molars are well developed to masticate prey further. Mouthpart morphology changes little during development, however, the disposition of the mouthparts and size of the mouth aperture increases with each successive stage of development, suggesting a greater capacity to manipulate and ingest larger prey. The foregut of all developmental stages consists of a single chamber, with well-developed grooves, channels and setae, but lacks a gastric mill. Presence of well-developed main brushes, lateral setae, and development of a functional filter press at stage IV suggests an increased ability to triturate and filter prey internally, reducing both the time spent externally manipulating prey with the mouthparts and the vulnerability to predation in the open ocean. The results presented here suggest that formulated diets larger than . 428 lm, with a firm/hard consistency that allow the dactyli of the second and third maxillipeds to penetrate the diet without causing fouling of the setae would be suitable.
INTRODUCTION
The Queensland population of the ornate spiny lobster Panulirus ornatus (Fabricius, 1798) inhabits coastal waters of north-eastern Australia and Papua New Guinea (PNG) where it is a dominant element of the tropical reef community . Unlike Australia's temperate spiny lobster species, such as Panulirus cygnus George, 1962 (larval phase in excess of 9 months) and Jasus edwardsii (Hutton, 1875) (larval phase in excess of 12 months), P. ornatus has a relatively short planktotrophic larval phase (4-6 months) in which 11 phyllosoma stages (. 20 instars) precede transformation into a puerulus Pitcher et al., 1997) . Panulirus ornatus also has a fast growth rate, attaining 1 kg within 2 years post-hatch (Phillips et al., 1992; Butler and Hernkind, 2000; Smith et al., 2003; Barclay et al., 2006) . These favourable attributes have created considerable interest recently in culturing P. ornatus through to marketable size from the egg stage. Currently, limited knowledge of the nutritional requirements and ingestive capabilities of P. ornatus phyllosomata stands as the major impediment to successful aquaculture; in the past this limited understanding has led to the provision of unsuitable diets, resulting in high mortalities, particularly in the mid-stages of development of this species (C. Jones, personal communication, Queensland Department of Primary Industries).
Ontogeny of the mouthparts and foregut provides useful information about potential prey items, processing of prey and digestive function, which in turn may aid in developing a successful formulated diet (Nishida et al., 1990; Johnston and Ritar, 2001 ). The mouthpart and digestive tract morphology of adult and juvenile spiny lobsters has been extensively documented (Patwardhan, 1935; Paterson, 1968; Maynard and Dando, 1974; Wolfe and Felgenhauer, 1991; Mikami and Takashima, 1994) . However, less attention has been given to ontogeny of phyllosomata, with most descriptions being taxonomic/diagnostic accounts that do not highlight the developmental changes in the fine structure of the mouthparts and foregut. Attempts have been made to correlate mouthpart and foregut structure with function during ontogeny for all phyllosoma stages of Panulirus argus (Latreille, 1804) (Wolfe and Felgenhauer, 1991) and J. edwardsii (Johnston and Ritar, 2001) only. Other studies of mouthpart and foregut morphology are based on single or the first few phyllosoma stages (Nishida et al., 1990; Lemmens and Knott, 1994; Mikami et al., 1994; Johnston, 2003a, 2004) .
Structural characteristics of the mouthpart and foregut morphology of early stage (I-III) P. argus (Wolfe and Felgenhauer, 1991) , J. edwardsii (Johnston and Ritar, 2001) and Jasus (Sagmariasus) verreauxi (H. Milne Edwards, 1851) Johnston, 2003a, 2004) phyllosoma suggest a preference for ingesting and digesting soft-bodied prey items such as mucilaginous zooplankton that are easily gathered by the mouthparts and internally masticated by the foregut (Wolfe and Felgenhauer, 1991; Mikami et al., 1994; Macmillan et al., 1997; Johnston and Ritar, 2001; Cox and Johnston, 2004) . However, mid-and late-stage phylloso-mata are likely to ingest and digest larger prey items such as fish larvae and small crustaceans as indicated by the increased setation and spination of the mouthparts, and also an increase in the number of main brushes and ampullary channels (filter channels) within the foregut (Johnston and Ritar, 2001; Cox and Johnston, 2004) .
The recent closure of the life cycle of this species by the MG Kailis Group (http://www.shrimpnews.com/FreeNewsBackIssues/FreeNewsAug2006011.html) has increased interest in commercial aquaculture of this species. However, as hatcheries currently rely on live feeds such as Artemia, which increase production costs of producing phyllosomata, the development of a formulated diet to reduce the demand for Artemia or to be used as a supplement is recognised as a high priority. A formulated diet for aquaculture of P. ornatus phyllosomata can be developed more efficiently when the ingestive and digestive morphology and their feeding behaviour is fully understood.
Formulated diets can be classified broadly into three categories: 1) microencapsulated, 2) microcoated, and 3) microbound (Tucker, 1998) . The latter is most suited to the raptorial feeding behaviour of P. ornatus phyllosomata, and has proved to be the most successful diet type for other larval crustaceans that have similar feeding behaviour (Kurmaly et al., 1990; Kovalenko et al., 2002; Genodepa et al., 2004a, b) . The success of microbound diets for raptorial feeding crustacean larvae is related to the ability to produce larger sized particles that can be manipulated by their mouthparts into adequate sizes for ingestion. Microcoated and microencapsulated diets have proved to be highly successful for species such as penaeid prawns that filter-feed during the zoeal stages, and for larval fish that are gulp feeders (Jones et al., 1979; Teshima et al., 1982; Teshima and Kanazawa, 1983; Jones et al., 1984; Langdon et al., 1985; Kanazawa and Teshima, 1988; Kanazawa, 1989; Kolkovski et al., 1997; Jones, 1998; Yúfera et al., 1999; Langdon, 2003) . Microcoated and microencapsulated diets are typically spherical in shape, smaller in size than microbound diets, and are thought to be difficult to be initially gathered by the mouthparts of P. ornatus phyllosomata due to its lack of an inhalant feeding current.
The aim of this study was to describe the structure of the mouthparts and foregut of early-(I-VI) and late-stage (IX-X) P. ornatus phyllosomata, to gain an understanding of their likely feeding and ingestive and digestive capabilities. Information from the current study will assist in identifying changes in ingestive capabilities and therefore possible dietary shifts. This information has direct implications for aquaculture of this species aiding in the development of an appropriate formulated diet.
MATERIALS AND METHODS
Brood Stock Collection and Handling of Phyllosomata Female and male P. ornatus were collected near Trinity Inlet (168559S; 1458469E) (northern Queensland, Australia) and transported to the Northern Fisheries Centre, Cairns where they were conditioned on a mixed diet of frozen green mussel, Perna canaliculus (Gmelin), pippis (Donnax spp.), scallops, Pecten fumatus Reeve and fresh squid (Nototodarus spp.), and allowed to mate. Ovigerous females were removed from the culture tank into individual incubation chambers and held at a mean temperature of 26.0 6 0.58C and salinity of 36 g l À1 . Newly hatched phyllosomata were skimmed from near the water surface of the incubation chambers and stocked into 20 l upwellers at a density of 4 phyllosomata l À1 . The rearing tanks were provided with recirculating water (at an exchange rate of 10 l h À1 ) subject to mechanical filtration (to 1 lm) and UV and ozone treatment. During this period phyllosomata were fed ad libitum on a diet of on-grown Artemia (1.5-3 mm total length) reared on Tetraselmis chuii and enriched with Isochrysis galbana (Tahitian strain).
At each instar moult (Table 1) , phyllosomata (n ¼ 10) were removed from upwellers for examination of the mouthpart and foregut morphology. Phyllosoma stages were identified using light microscopy after the method of Duggan and McKinnon (2003) to stage VI; thereafter, phyllosomata were staged using a morphological key prepared by staff at the Queensland Department of Primary Industries (Northern Fisheries Research Centre, Cairns).
Morphology of the Mouthparts
Stage I-VI (instars 1-8) phyllosomata were fixed for 2-3 h in 2.5% glutaraldehyde in 0.1 M phosphate buffer pH 7.4. Stages IX-X (instars 16-20) phyllosomata were fixed in 2% paraformaldehyde and 2.5% glutaraldehyde in 0.2 M sodium cacodylate, 0.2 M NaCl, and 15% (w/v) sucrose buffer pH 7.4, after Macmillan et al. (1997) and Johnston and Ritar (2001) . After fixation, samples were rinsed in phosphate buffer (3 3 10 min), dehydrated in an ethanol series, critical point dried, carbon coated, and examined with a ZEISS VP FEGSEM in the Centre for Microscopy and Microanalysis, The University of Western Australia.
Paired paragnaths of Stage I and II phyllosomata were removed using insect pins prior to critical point drying to reveal the morphological structure of the mandibles. Setal classification follows Garm (2004) , and terminology of the mouthpart appendages is based on Wolfe and Felgenhauer (1991) .
Morphology of the Foregut
Phyllosomata of each stage were fixed and dehydrated as above. After removal of their pereiopods, phyllosomata were embedded in JB4 glycol methacrylate resin and sectioned serially (transverse) at 2 lm with a Sorvall microtome. The cephalic shields of stages IX and X (instars 17-20) were trimmed on either side of the foregut to the width of the glass knife for sectioning. Sections were stained with a polychrome stain and examined on an Olympus BX50 microscope.
Terminology is confusing with respect to foregut structure, and where possible terminology in this study is consistent with previous detailed morphological studies of phyllosomata of spiny lobsters (Nishida et al., 1990; Wolfe and Felgenhauer, 1991; Johnston and Ritar, 2001; Cox and Johnston, 2004) . 
RESULTS

Morphology of the Mouthparts
The mouthparts of P. ornatus phyllosomata are obvious at hatch, with the in situ positions remaining constant between each developmental stage. The oral field of P. ornatus phyllosoma comprises a single labrum, paired mandibles, paragnaths, maxillules, maxillae, and maxillipeds 1, 2 and 3 (Fig. 1A, B ). Density and robustness of setation increased with each successive developmental stage, and the distance between the maxillule and maxillae and between each maxilliped (1, 2 and 3) increased in relation to total length ( Table 2 ). The mouth aperture increased considerably from 3 lm at hatch to 52 lm in late stage phyllosoma, with a substantial shift at stage III (instar 3) from 3.5 lm to 9.9 lm at stage IV (instar 4). The most conspicuous morphological change occurs on the maxillae, with development of flattened exopodite (scaphognathite) and endopodite at stage IX (instar 16) (Fig. 1B) . Labrum.-This structure, together with the paired paragnaths and mandibles, forms a semi-enclosed oral chamber; its posterior aboral surface has a series of sharp, anteriorly positioned denticles (Fig. 1C) . Ventrally, the denticles are more robust and of a larger size, forming discrete rows; however, laterally the denticles are smaller and arranged in clusters of three or four. Both size and density of the denticles increases during development.
Mandibles.-The jaws are asymmetrical and lack a mandibular palp (Fig. 1D ). The gnathobase is heavily chitinised. The mandibles consist of a toothed incisor process and a well developed molar process connected by a curved spine row (Fig. 1D ). The right mandible has four incisor teeth and the left has three. The number of spines that form the spine row increases during development. The morphology of the rows of teeth that form the molar process is similar between left and right ( Fig. 1E) . A row of sharp teeth is positioned around the perimeter of each molar process. Positioned posteriorly on the left mandible is a toothed projection [toothed recess after Wolfe and Felgenhauer (1991) ] and anteriorly on the right molar process is a toothed row (Fig. 1E ).
Paragnaths.-These features (Fig. 1A , B, F) possess three types of cuticular pore on both the oral and aboral surfaces. Large oval shaped pores (. 1 lm) ( Fig. 1F ; inset) were confined to the aboral surface with the two smaller pore sizes (, 800 nm) positioned medially. Dense clusters of pappose setae project into the oral cavity from the medial margin of the aboral surface. Large teeth-like projections also emerge from the medial margin of each paragnath, as well as six small cuticular pores (Fig. 1F ). The robustness of the teethlike projections and density of the pappose setae positioned on the medial margin increases during development.
Maxillules.-These limbs have a basal protopod with both anterior exopod and posterior endopod ( Fig. 2A) . The exopod bears stout, non-articulated spines having two setal rows ( Fig.  2A; inset) , and the endopod bears similar spines that articulate at their base. The number of exopod and endopod spines increases during development, from two (instars 1-8) to three (instars [16] [17] [18] [19] [20] . The number of setae increases during development from seven along each side at stage I (instar 1) to sixteen by stage X (instar 20). Three chemosensory-like simple setae, which lack a terminal pore, are also present on the aboral surface of the exopod ( Fig. 2A) .
Maxillae.-These appendages consist of a flattened basal protopod and a flattened distal exopod (Fig. 2B) . In early stage (instars 1-8) phyllosomata the basal protopod is larger than the distal exopod, with three sensory-like setae present on the medial margin (Fig. 2C) . The number of pappose setae present on the lateral surface of each exopod increases during development, from four in stages I-III (instars 1-3) to five at stage VI (instar 8). At instar 16 (stage IX) the distal exopod has expanded and is considerably larger than the protopod and a small endite is present on the anterior edge of each maxilla. By instar 18 (stage IX) the exopod has expanded to form a scaphognathite, which overlaps the thorax. The endite is larger and a short fringe of pappose setae extends from the lateral margin of each scaphognathite (Fig. 2D ).
First Maxillipeds.-These limbs are rudimentary in early stage (instars 1-8) phyllosomata, with a short distal simple seta (Fig. 2E) . By stage IX (instars 16-19) an endopod has formed, and by stage X (instar 20) the endopod is larger with a small proximal exite (Fig. 2D) .
Second Maxillipeds.-The second maxillipeds have a 5-segmented endopod (Fig. 1B) . The propodus has six robust serrate setae, two elongated serrate setae opposing the distal setae of the dactylus, and four proximal serrate setae (Fig.  2F) . The dactylus is stout, having three distal cuspidate setae, all of which possess a sub-terminal pore. A flagellumlike simple seta (Watling, 1989; Felgenhauer, 1992) with sub-cuticular socket inserts on the lateral margin ( Fig. 2F ; inset). The distance between the first and second maxillipeds increases successively during each instar moult, with considerable increases between instars 3-4 and within instars 16-17 (Table 2) .
Third Maxillipeds.-The entire integument of these appendages is covered with an array of stout pectinate denticles. In the 5-segmented endopod, the propodus is elongated with Table 2 . Comparison of mouthpart dimensions during ontogeny of P. ornatus (mean 6 SE, n ¼ 10). Total length, measured from anterior tip of cephalothorax to posterior tip of abdomen; the distance between the third and second maxilliped (mxpd 3 and mxpd 2), the second and first maxilliped (mxpd 2 and mxpd1) and the maxillules and maxillae (mx1 and mx2); mouth field, the distance measured across widest lateral edges of the mandibles; oral field, distance between mandible and maxilliped 3; mouth aperture, lateral distance between the paragnaths. Wild caught phyllosomata (*). an irregular array of serrate setae positioned along its length and bears eight elongated serrate setae distally (Fig. 2G) . All of the eight distal setae have three rows of densely packed denticles distal to the annulus; the irregularly spaced denticles become smaller distally before separating into two rows (Fig. 2H ). On the apical tip of each seta is a prominent terminal pore ( Fig. 2H; inset) . The dactylus is stout, bearing eight serrate setae with similar setal morphology as described above. The distance between the second and third maxillipeds increases successively during development. A considerable shift in the disposition of the third and second maxillipeds occurs between stages III-IV (instars 3 and 4) and again late in ontogeny from stages IX-X (instars 19 and 20) ( Table 2) .
Morphology of the Alimentary Tract The alimentary tract comprises three morphologically distinct regions: 1) foregut including the esophagus and the proto-proventriculus; 2) midgut with branching digestive gland tubules; and 3) hindgut. In all phyllosoma stages, the esophagus is a short, chitinised tube, surrounded by large columnar epithelial cells and circular muscle. Short spines, which increase in density during ontogeny, project into the esophageal lumen. The proto-proventriculus of all phyllosoma stages lacks a gastric mill and cardiopyloric valve, and consequently there is no clear distinction of cardiac (anterior) and pyloric (posterior) chambers. However, an anterior chamber is defined in this early stage of development by the two dorsal grooves separated by a prominent dorsal ridge, and two ventral grooves separated by lateral in-foldings of the ventral wall forming the anterior floor. Setal density of the anterior floor and the number of robust lateral setae and main brushes that project medially into the lumen of the anterior foregut chamber increase during ontogeny, with a considerable increase between stages III-IV (instars 3-4) ( Table 3 ). The posterior limit of the comb row with the lateral folds in the anterior chamber delineates the start of the posterior chamber. The lateral folds divide the posterior foregut chamber into both dorsal and ventral chambers. After stage II (instar 2), the ventral chamber forms a filter press, with well-developed opposing setal rows on both the inner and outer valve. During development the width and number of ampullary channels (filter channels) increases from two at stage II (instar 2) to twelve by stage X (instar 20) (Table 3 ). The filter press opens posteriorly into the primary ducts of the digestive gland diverticula, and a complex array of dorsal, ventral and lateral setae project medially to form the pyloric-intestinal valve. The setae of the pyloric-intestinal valve become increasingly setose and more robust during development.
Based primarily on changes of the anterior and posterior chambers of the foregut during each progressive instar moult, phyllosomata have been divided into three distinct ontogenetic groups: stages I-III (instars 1-3); stages IV-VI (instars 4-8); and stages IX-X (instars 17-20).
Stages I-III (Instars 1-3 ).-The anterior chamber of the stage I-III phyllosomata is simple, comprising two dorsal and ventral grooves, and one lateral seta and two-three main brushes (Fig. 3A) . The lateral setae and main brushes project medially into the lumen and are similar in total length (Table  3 ). The anterior floor comprises a thin mat of short setae that increases in density during development. No filter press is present in the posterior chamber in stages I-II but is evident in stage III (instar 3) phyllosomata when it comprises four ampullary channels (Fig. 3B) . The ampullary channels of stage III phyllosomata are not well formed and their maximum width is 5 lm (Table 3) . Posteriorly, the ventral chamber opens into the primary ducts of the digestive gland at the junction of the fore-and mid-gut (Fig. 3C) . Dorsally, a complex array of robust setae forms the pyloric-intestinal valve. The setae become more robust during development (Fig. 3C ).
Stages IV-VI (Instars 4-8).-The anterior chamber of stage IV-VI (instars 4-8) phyllosomata is more developed, with four lateral setae and an increase in number of the main brushes, which terminate posteriorly at the formation of the lateral folds. A dense setal mat is evident on the anterior floor (Fig. 3D ) and the maximum length of the lateral setae increases considerably from stages IV-VI (instars 4-8) (Table 3) . By stage IV (instar 5) the lateral setae have increased to 17 lm in length and overlap considerably with the dense setal mat of the anterior floor, which in combination create a more efficient filtration barrier to the ventral channels (Fig. 4A) . The lateral folds are well developed and extend into the lumen creating distinct dorsal and ventral chambers of the posterior chamber. The medial margins of the lateral folds contain short fine setae that intermesh laterally (Fig. 4B) . The filter press is more prominent with clearly defined ampullary channels, inner and outer valves and an apical crest (Fig. 4C) . The number of ampullary channels increases from four at instars 4-5 (stage IV) to five by instars 6-8 (stages IV, V and VI) ( Table  3 ). The ampullary channels are screened by a dense row of dorsally directed setae. Posteriorly, the setal arrangement that forms the pyloric-intestinal valve is more robust and ventrally the ventral groove connects with the primary ducts of the digestive gland.
Stages IX-X (Instars 17-20).-By the late stages the anterior chamber is completely developed with a row of robust cuticularised spines comprising the main brushes, which increase in both size and number between instars 17-20 (Table 3 ). The lateral setae increase in relation to total length and overlap with the dense setal mat of the anterior floor, creating additional filtration to the ventral channels. The posterior chamber undergoes considerable morphological change during the final moults to puerulus. The number of ampullary channels increases from five (instar 17) to eight (instar 18) to twelve by instars 19 and 20 ( Fig. 4D, E ; Table  3 ). The density and robustness of the dorsally directed setae per ampullary channel and setae positioned on the outer valve are robust and more numerous than earlier stages. Posteriorly, the filter press opens into the primary ducts of the digestive gland and the setal arrangement that comprise the pyloricintestinal valve is extremely spinose and robust (Fig. 4F ).
DISCUSSION
Morphology of the Mouthparts The gross morphology of the mouthparts is similar to other Panulirus spp., (Johnson and Knight, 1966; Wolfe and Felgenhauer, 1991; Matsuda and Yamakawa, 2000) and Jasus spp., (Kittaka and Abrunhosa, 1997; Macmillan et al., 1997; Nelson et al., 2002; Cox and Bruce, 2003; Cox and Johnston, 2003a) phyllosomata. Mouthpart morphology changes little during development, suggesting both early-and late-stage P. ornatus phyllosomata ingest similar prey items and that external mastication is well developed from stage I. However, increasing setation of the mouthparts, mouth-and oral-fields, mouth aperture, and disposition between the mouthparts from stage IV indicates that the size of prey handled and ingested becomes considerably larger during development. Similar observations were reported for J. edwardsii (Johnston and Ritar, 2001 ) and J. (Sagmariasus) verreauxi (Cox and Johnston, 2003a) phyllosomata. Sharp spinose setae on the propodi and dactyli of the third and second maxillipeds, maxillules, and rows of sharp teeth forming the molar process suggest that the mouthparts of P. ornatus are well adapted for grasping, manipulating and masticating a wide variety of zooplankton in the Coral Sea such as calanoid and cyclopoid copepods, cirriped larvae, ectoprocts, and mysid shrimps.
Prey capture and manipulation would initially be facilitated by the third and second maxillipeds (Johnston and Ritar, 2001; Nelson et al., 2002; Johnston, 2003a, b, Johnston and Johnston, 2007) . The complex array of distally positioned serrate and cuspidate setae on the propodi and dactyli of the third and second maxillipeds would aid in the anterior transfer of food toward the oral cavity (Cox and Johnston, 2003b) . These setae are present at stage I and are long enough on the medial and lateral margins of the propodi and dactyli to facilitate prey entrapment (Nelson et al., 2002) . That the second and third maxillipeds and mandibular molars are well developed at stage I and their disposition (spacing between each mouthpart) increases during development, suggests that P. ornatus are not limited to prey of a particular hardness, but they are only limited by their ability to capture prey. Hence, the types of prey ingested are not likely to change abruptly during development [such as a shift from mucilaginous zooplankton to fleshy/muscular prey items during development (Johnston and Ritar, 2001; Johnston, 2003a, 2004) ], but the limbs are thought to increase in size, with a greater ability to hold larger prey close to the maxillules for further manipulation and ingestion. Similar suggestions based on feeding observations of J. (Sagmariasus) verreauxi phyllosomata was provided by Nelson et al. (2002) , who suggested based on feeding evidence using mussel gonad and particles of jellyfish that mucilaginous zooplankton (jellyfish, medusae, ctenophores) are an unsuitable food source, fouling the mouthpart setae, and are likely to suffice during opportunistic feeding events only. Furthermore, mucilaginous zooplankton are of low nutritional value, consisting mostly of water and low percentage of total lipid (Nelson et al., 2000) .
Captured prey from the third and second maxillipeds would be held close to the oral cavity by the second maxillipeds and endopod and exopod spines of the maxillules. The endopod and exopod spines of the maxillules are robust and the number of setae along each margin of these spines increases during development, which would facilitate the holding of larger prey items and increase the effectiveness of external mastication. Increased setation of the maxillules and an ability to hold larger sized prey close to the oral field has also been suggested for J. edwardsii (Johnston and Ritar, 2001 ) and J. (Sagmariasus) verreauxi (Cox and Johnston, 2003a ) phyllosomata.
Manipulated prey would then be passed toward the incisor and molar processes of the mandibles for mastication. The teeth-like projections of the molar process are densely packed and are sharp on both opposing sides, suggesting that quite hard prey items such as copepods could be masticated effectively into sizes suitable for ingestion. Denticles on the labrum and teeth-like projections on the medial margin of each paragnath would hold manipulated particles of prey close to the oral cavity. Masticated prey particles passing into the oral cavity are likely to be well lubricated easing swallowing as a suite of cuticular pores on both the oral and aboral surface of the paragnaths were observed.
Morphology of the Foregut
The morphology of the foregut changes considerably during development and differs significantly from that of adult palinurids. The key differences are that the protoproventriculus of all phyllosoma stages of P. ornatus lacks a gastric mill and cardiopyloric valve, and consequently there is no clear distinction of cardiac and pyloric stomachs. A filter press is also absent in phyllosoma stages I and II. The absence of a gastric mill, but presence of robust lateral setae and well developed main brushes at stage I suggests a limited capacity to triturate prey internally. Furthermore, as the number, length and robustness of the main brushes increases at stage IV, indicates an increased efficiency to triturate prey internally. However, the efficiency of the main brushes and lateral setae to triturate quite hard items is thought to be limited to small crustaceans such as copepods and is not thought to be as effective as the gastric mill in juveniles and adults that enables them to crush extremely hard prey items such as ingested bivalve shell. Ingested prey items would be reduced to a fine slurry, and sorted and filtered for final absorption of nutrients in the digestive glands.
In early developmental stages (I-II), the foregut is a simple chamber, with one lateral and two-three main brushes, and a filter press is absent also. These features suggest that P. ornatus phyllosomata have limited ability to triturate and filter ingested particles of prey internally during these initial two developmental stages, hence ingested prey particles are likely to be masticated extensively by the molar process and ground into a fine slurry to facilitate ingestion.
In stages III-VI, ability to triturate ingested particles of prey to some capacity internally most likely increases, with an increase in number and length of the main brushes and an increased ability to filter particles due to the development of a filter press (stage III) with four ampullary (filter) channels on either side of the inner valve. The maximum width of the ampullary channels increases from the final instar moult of stage IV (instar 6) to stage VI from 13-24 lm indicating that sizes of particles capable of assimilation in the digestive glands would increase during development.
In late-stage phyllosomata (IX-X) there is no further increase in number of main brushes or maximum width of the ampullary channels. The length of the main brushes increases between stages IX (instar 17) and stage X (instar 20) from 25-62 lm and there is a considerable increase in number of ampullary channels from 5 (instar 17) to 12 (instar 20) indicating an increased ability to triturate prey to a limited capacity in the foregut and increased capacity to filter ingested prey for assimilation of nutrients in the digestive glands. This increased capacity to filter larger amounts of ingested prey in the final stages of development is likely to be associated with the accumulation of energy reserves in the form of lipid which are stored in the digestive glands as a source of energy for the metamorphosis to nectonic pueruli (Jeffs et al., 1999) .
Implications for Diet Development At stage IV there are key morphological changes of both the mouthparts and foregut that occur simultaneously (increase in size of the mouth aperture, lateral setae and main brushes and presence of a well-formed filter press with four ampullary channels on each side), suggesting an increased ingestive and digestive capacity. This increase in ingestive and digestive capacity, from stage IV onwards, indicates that this would be the most appropriate period to wean from live food (Artemia) and introduce formulated diets.
Diet texture will be critical to development of a successful formulated diet for this species given that the complex array of setae on the endopod and exopod of the maxillipeds and endopod and exopod of the maxillules would foul easily with a too soft or not adequately bound diet. Hence, a formulated diet should consist of a texture that is quite hard/firm but still penetrable by the dactyl spines of the second and third maxillipeds. Jelly-like diets as proposed by Johnston and Ritar (2001) and Cox and Johnston (2003a) for J. edwardsii and J. (Sagmariasus) verreauxi phyllosomata are unlikely to be successful for aquaculture of P. ornatus phyllosomata due to this species' tropical habit. Jelly-like diets are commonly high in moisture and bound using binders such as gelatine that soften quickly at temperatures . 258C, leading to increased particle abrasion and mouthpart fouling.
During development of P. ornatus phyllosomata the mouth-and oral-fields and mouth aperture increases. Setation and spination of the mouthparts, especially those close to the oral field such as the maxillules, paragnath and labrum, also increase, which would aid in retaining largersized prey close to the oral cavity. Furthermore, an increase in number of main brushes, lateral setae, and number and width of ampullary channels from stage IV onwards indicates a capacity to digest larger-sized portions of prey. Hence, sizes of formulated diets are likely to change during development in coordination with key developmental changes of the mouthparts and foregut. Optimum diet size for phyllosomata is currently unknown. However, as P. ornatus phyllosomata readily accept Artemia nauplii and on-grown Artemia from day 0, diet particles , 428 lm (minimum size of Artemia nauplii) are thought to be too small to be captured and manipulated by the mouthparts due to the lack of an inhalant feeding current (Genodepa et al., 2004a ). An optimum particle size range of 500-800 lm has recently been established for stage I P. ornatus phyllosomata, by incorporating an inert marker into the diet formulation (Johnston et al., unpublished data) . As there is not a considerable increase in size of the oral-and mouthfields and mouth aperture until stage IV, this size range of diet particles may be appropriate for the first three initial developmental stages. However, after stage IV based on a mouth aperture . 9.9 lm, diet particles . 700 lm would be more suitable, most likely ranging in size between 700-1000 lm. Particle sizes should gradually increase during phyllosomata development coinciding with the increasing disposition of the mouthparts but should not exceed 2500 lm, as zooplankton larger than this is unlikely in their natural environment.
Diet buoyancy will be another important issue for development of a formulated diet, as P. ornatus are planktonic feeders and rarely feed at the bottom of tanks. Keeping diet particles in suspension to create movement is typically achieved by using aeration; however, additional aeration is rarely used when culturing phyllosomata as the water exchange is often quite high, but can be used to disperse both phyllosomata and feeds. Furthermore, in feeding trials using combinations of Artemia, fresh feeds and a formulated diet (Johnston et al., unpublished data) , only those combinations whereby Artemia were included were successful, indicating that P. ornatus phyllosomata are stimulated to feed by visual cues. Hence, if a formulated diet cannot be developed to be neutrally buoyant with adequate proportions of oils, an appropriate tank design that facilitates the continuous movement of diet particles and phyllosomata or frequent re-suspension by up-welling may be more efficient and increase the feed intake of the formulated diet.
Future work is needed to explore the use of other forms of microbound diets such as complex microparticles for P. ornatus phyllosomata using both replicated feeding trials and feeding response observations. Furthermore, tank designs that promote the frequent re-suspension of diet particles or diet formulations that enable diet particles to be neutrally buoyant to stimulate feeding by visual cues will serve to optimise feed intake.
